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Abstract
A first step towards the analysis of the appearance of 3 dimensional textures is
presented in this paper. It is assumed that the scale of the texture is small relative
to the resolution of the camera. Therefore, the texture itself is not distinguishable.
However, the perceived brightness of the texture will depend on the angle of the
incident light and the viewing angle. The relation between these angles and the
observed brightness for different types of textures is investigated in this paper.
1 Introduction
In literature on texture synthesis, analysis, segmentation and classification, generally tex-
tures are assumed to be flat (see e.g. [1, 2, 3]). Some statistical models do exist for rough
surfaces ([4, 5]), however, in general little attention is payed to 3 dimensional textures.
These textures may appear, e.g. in aerial photography of urban areas where buildings and
streets are laid out in an orderly pattern or in agricultural fields. Further examples are
textiles, stacked objects etc.
In this paper the influence of illumination and viewing angle on observed brightness of
textured surfaces is investigated. The textures considered are 3 dimensional textures. It
is assumed that the scale of the projected texture is small relative to the resolution of the
camera, so that the texture itself does not appear in the recorded images. It will be shown
that due to the 3 dimensional structure of the surface, the observed brightness deviates
significantly from the observed brightness of a flat surface even though the texture itself
is not visible.
If these effects are significant, segmentation and classification processes should benefit
from them. Furthermore it may be possible to estimate the orientation of the surface using
the observed brightness and knowledge of the texture.
Since the prediction of the appearance of an illuminated scene is generally very com-
plex, simulation techniques like ray tracing are used. Most ray tracers are, however, not
designed to handle 3 dimensional textures. For studying the observed brightness of tex-
tures a specialized ray tracer for textures was designed that exploits the specific properties
of repetitive texture patterns and the fact that the scale of the textures is small relative
to the resolution of the camera.
As an illustration the observed brightness as a function of illumination and viewing
angles of a regularly ordered field of spheres is be presented.
2 Reflection models for 3 dimensional textures
Apart from the 3 dimensional shape of the texture and shading, there are basically two
important physical effects that determine the appearance of a 3 dimensional texture. The
first is shadow casting and the second is occlusion. The more shadow there is on a certain
area of the surface, the darker it will appear. And since the length of the shadows is
proportional to the tangent of the angle of the incident light, the brightness of the surface
will vary proportional with the tangent of the incident light. However, if the shadows
lengthen, different parts of the textures, with different reflectancies may be shadowed.
This results in ranges of the length of the shadows having different effects on the observed
brightness (see fig.1).
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Figure 1: The length of the shadow is proportional with the tangent of the angle of the
incident light(left). Different parts of the texture in shadow cause different effects on the
observed brightness (right)
The viewing angle determines which parts of the texture are visible and which parts are
occluded. Thus the whole surface of the texture is divided into differently illuminated parts
of which different parts again are visible. The perceived brightness can now be obtained
by averaging the brightness of the visible parts of the texture over a sufficiently large area.
This means in the case of a regular texture exactly one ’period’. Note, however, that it
does not suffice to do calculations only for this single period, since it may be occluded by
or in the shadow of surrounding texture ’periods’.
One specific effect that may occur due to vertical structures in the texture is that light
is reflected back in the direction of the incident light, thus causing a peak in the reflectance
of the texture in the direction of the incoming light. This can easily be understood with
the help of fig.1, taking the viewing direction the same as the direction of the incoming
light. In this case no shadow is visible and thus a high brightness is perceived.
Another effect that may occur for large viewing angles, is that only the top of the
texture is visible, and hence the brightness approximates the brightness that would be
observed from a flat diffuse reflecting surface with reflectancy equal to the reflectancy of
the top of the texture.
3 Ray tracer for 3 dimensional textures
Predicting the visual appearance of an illuminated scene is a complex task, and, therefore,
often simulation tools like ray tracers are used. However, normal ray tracing techniques
do not suffice here, because they shoot a limited number of rays to sample the radiance
of a surface patch. This assumes that the radiance of the surface patch is more or less
constant. In 3d textures the radiance in such a surface patch may vary considerably,
though. In principle this could be solved by simply shooting a sufficient number of rays.
However, this increases the computational load tremendously. Furthermore, a detailed 3
dimensional description of a textured surface is often not supported by ray tracer software,
because the number of objects that can be handled is limited. The solution proposed here
is to use a specialized ray tracer for texture, that can be used within another ray tracer,
to calculate the appearance of textured surfaces. The advantage of such a specialized ray
tracer is that it can focus on repetitive structures. Also the ray tracing process can be
simplified, because locally, on the scale of the texture, all rays can be considered parallel.
Fig.2 shows the texture ray tracer as a subsystem of an ordinary ray tracer.
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Figure 2: Locally, on the scale of the texture, all rays can be considered parallel
Currently the texture ray tracer only handles diffuse reflecting texture surfaces and
does not include secondary reflections within the texture. For a diffuse reflecting flat
surface, the observed brightness is independent of the viewing direction and only depends
on the angle of the incident light:
L = liρ cos(φi) = ρ
~li · ~n
|~li||~n|
(1)
Where L is the observed brightness, li is the incoming light, ρ is the reflectancy of the
surface, φi is the angle of the incoming light and ~n is the surface normal vector, see also
fig.3.
φi
l
n
i
Figure 3: The reflection of a diffuse reflecting surface only depends on the angle of the
incident light
If for a texture surface, the surface normals and the reflectancy are known, the observed
brightness can be estimated by shooting many rays and averaging over the area. How
many rays are necessary to obtain an accurate estimate depends on the complexity of the
texture.
For a periodic texture, it suffices to determine the brightness of a single ’period’ of the
texture. This includes, however, the shadows and the occlusion caused by neighbouring
texture elements. Because the texture elements are all similar, the required intersection
of the rays with the texture elements becomes very simple, resulting in significant gain of
computational speed relative to normal ray tracers. As a comparison the brightness as a
function of the viewing angles and direction of the incident light was calculated using an
ordinary ray tracer and the texture ray tracer. Note that the ordinary ray tracer has to
calculate a complete image for each different angle. For a 400 point graph the conventional
ray tracer took in the order of an hour of computation time whereas the texture ray tracer
finished the task in a matter of seconds!
4 Simulations
As an illustration, the observed brightness of a field of spheres on a flat surface is presented
here. The texture only contains diffuse reflecting surfaces and a single point light source
at infinite distance is assumed.
The observed brightness depends on the two angles that determine the direction of
the incident light (φz(light) and φx(light)) and the two angles of the viewing direction
(φz(view) and φx(view)). These are depicted in fig.4. The angles between the z-axis and
light and view directions are between 0 and pi
2
. φx(light) and φx(view) are between 0 and
2π.
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Figure 4: The four angles that determine the observed brightness
As a reference first the reflection properties of a diffuse reflecting flat surface are shown
in fig.5. This figure shows the observed brightness as a function of the two angles of the
incident light: φz(light) and φx(light). Since for a diffuse reflecting flat surface the ob-
served brightness is independent on the viewing angle, this graph completely characterizes
the reflection of a diffuse reflector. As is to be expected from eq.1 the observed brightness
is proportional to the cosine of angle between the incident light and the surface normal.
The reflectancy of the surface was set to ρ = 0.5.
The investigated texture consists of a field of equal sized spheres on a flat surface, see
fig.6. The surface below the spheres has a lower reflectancy (ρ = 0.5) than the spheres
(ρ = 0.75).
The left graph of figure 7 shows the observed brightness of the spheres texture as a
function of the direction of the incident light for a fixed viewing angle (φz(view) =
pi
4
,
φx(view) =
pi
4
). From this graph we can deduce that the brightness is largest if the
viewing angle and the angle of the incoming light are the same. There is a minimum in
the brightness if they are opposed, because then the least of the illuminated and the most
of the shadowed parts of the texture are visible. Finally, because the shadows lengthen if
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Figure 5: Observed brightness of a diffuse reflecting surface as a function of the direction
of the incident light
Figure 6: The spheres texture
the angle between the incoming light and the surface normal (φz) increases, the observed
brightness will decrease with increasing φz.
The right graph in figure 7 shows the observed brightness of the spheres texture as a
function of the viewing direction for fixed direction of the incoming light (φz(light) =
pi
4
,
φx(light) =
pi
4
). This graph shows well the complexity of the observed brightness for 3
dimensional textures. Again several different effects can be observed. Firstly if the viewing
angle with the surface normal (φz) goes to
pi
2
, the brightness approximates the brightness
of a flat diffuse reflecting surface with reflectancy ρ = 0.75, which equals the reflectancy
of the spheres. Secondly, again the maximum in the direction of the incident light and the
minimum in the opposite direction can be observed. Thirdly the graph shows a periodic
behaviour in the direction of φx, wich is caused by the symmetries of the texture.
5 Conclusions
In this paper it is shown that the way the observed brightness of 3 dimensional textures
depends on the direction of the incoming light and the viewing direction differs significantly
from the observed brightness of a flat surface. This is the case even if the scale of the
texture is so small relative to the resolution of the camera that the texture itself is not
visible. This shows that the assumption of textures without depth, that is generally made
when processing textured areas, needs reconsideration. In order to investigate the observed
brightness of surfaces with a 3 dimensional texture, a specialized ray tracer was designed
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Figure 7: Observed brightness of the spheres texture as a function of the direction of
the incident light for fixed viewing angle (φz(view) =
pi
4
, φx(view) =
pi
4
) (left), and as
a function of viewing angles for fixed direction of the incoming light (φz(light) =
pi
4
,
φx(light) =
pi
4
) (right)
that is capable of handling this specific task far better and faster than conventional ray
tracers. As an illustration the observed brightness of a field of spheres on top of a flat
surface is analyzed.
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